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Molded High Impedance Surface and A Method of Making Same 
Technical Field 

5 

This invention improves upon current techniques for manufacturing high impedance surfaces 
which surfaces are also known as resonant textured ground planes or a "Hi-Z" surfaces and which 
surfaces are presently made using printed circuit board techniques. The present invention 
provides new methods of manufacturing such surfaces based on molding and/or related 
10 techniques, and also provides several structures that are manufacturable using these techniques. 
The invention allows Hi-Z surfaces to be mass-produced more rapidly and at a lower cost than 
the prior art techniques, which primarily involve printed circuit board technology. This invention 
also provides a Hi-Z structure in which the capacitors are vertical, instead of horizontal, so that 
they may be trimmed after manufacturing, for tuning purposes. 

15 

Background of the Invention 

Recently, a new kind of electromagnetic ground plane has been developed which is known as a 
high-impedance or Hi-Z surface. See D. Sievenpiper and E. Yablonovitch, "Circuit and Method for 

20 Eliminating Surface Currents on Metals" U. S. provisional patent application, serial number 

60/079953, filed on March 30, 1998 by UCLA and a related PCT application published as WO 
99/50929 on October 7, 1999.. This prior art structure consists of a metal ground plane covered 
with an array of tiny resonant cavities. These resonant cavities alter the effective electromagnetic 
impedance of the surface, so that it appears to have a high impedance (»377 ohms), instead of a 

25 low impedance £=0 ohm) like an ordinary metal surface. Because of its high impedance, the Hi-Z 
structure can support a finite tangential electric field at its surface, which is not possible with a 
smooth metal ground plane. This textured surface is important for various applications in the 
field of antennas. In particular, it is useful for low-profile antennas because radiating elements can 
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be placecf directly adjacent to the Hi-Z surface (i.e. spaced less than «0.01 wavelength 
therefrom) without being shorted out. This provides an advantage compared to an ordinary metal 
ground plane, which normally requires a separation of roughly 1/4 wavelength between the 
ground plane and the antenna, resulting in antennas that are at least 1/4 wavelength thick. In 
addition to providing a way to produce very thin antennas, the Hi-Z surface also suppresses 
surface currents, which tend to interfere with the performance of the antenna by propagating 
across the ground plane and radiating from edges, corners, or other discontinuities. The radiation 
produced by these surface currents combines with the direct radiation from the antenna, and 
produces ripples in the radiation pattern, as well as significant radiation into the backward 
direction behind the ground plane. By suppressing these surface currents, _one can produce 
antennas with much smoother radiation patterns, and with less backward radiation. In short, the 
antennas are both more compact and more efficient when made with a Hi-Z surface. 

The Hi-Z structure can be most easily understood by considering the effective circuit that 
describes the resonant cavities. In the structure shown in Figure 1, the Hi-Z surface is 
constructed as a lattice of overlapping "thumbtack"-like protrusions on a flat metal ground plane 
22. The protrusion consist of flat metal plates 10 connected to the ground plane by metal plated 
vias 13. This prior art structure shown here is built using printed circuit board techniques. The 
printed circuit board is not shown for ease of illustration, but the flat metal plates 10 would 
appear on the printed circuit board's top surface while the ground plan 22 is disposed on its 
bottom surface. The capacitance of the structure is determined by the proximity and overlap area 
of the metal plates 10. The inductance is controlled by the area of the current loop that connects 
adjacent plates, which is primarily determined by the thickness of the structure. The resonance 
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frequency of the surface is then given by co = 




. Near the resonance frequency, the surface 



has high impedance, and can suppress the propagation of surface currents. The bandwidth of the 
surface, or the frequency band where the impedance is greater than 377 ohms, is given by 
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BW= j . This roughly determines the bandwidth of antennas that can be built on these 

JH /e 

V o o 

surfaces. 

Typically, in the prior art, Hi-Z surfaces are produced by printed circuit board techniques. In 
5 order to achieve a low resonant frequency (< 10 GHz or so) in a thin structure (a few mm thick), 
a large amount of built-in capacitance is required. This is accomplished using a multi-layer 
structure, in which the capacitors are of a parallel-plate geometry. The vias 12 are made by 
drilling through both boards, and then plating the inside of the holes with metal 13. The steps 
taken in fabrication are shown in Figures 2(a) - 2(f) . First, two printed circuit boards, one 

1 0 relatively thick and one relatively thin form the starting materials (see Figure 2(a)). The inner 

layers are patterned (see Figure 2(b)), and the boards are bonded together (see Figure 2(c)). Then 
holes 12 are drilled through the structure to define the positions of the vias (see Figure 2(d)). 
These are then plated with metal 13 (see Figure 2(e)). Finally, the outer layers are patterned (see 
Figure 2(f)). The most time-consuming and expensive task is drilling the vias 12. A fast 

1 5 computer-controlled drill can drill on the order of one hole per second. Typical lattice periods for 
these structures are on the order of 1/4 inch, which means that the total drilling time can approach 
one hour per square foot. 

What is needed is a method of producing a similar structure by faster and more economic 
20 techniques, in which the holes do not need to be drilled individually, but instead can be produced 
en masse by some other technique. This invention provides techniques for producing such a 
structure by molding, as well as new geometries that are amenable to such manufacturing 
techniques. The resulting structure is less expensive and less time-consuming to fabricate. 
Furthermore, it has the additional benefit that certain embodiments thereof can be tuned after 
25 fabrication to adjust for variations in the manufacturing process. This feature also allows a single 
mold to be used to build structures with slightly different resonant frequencies. 
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Brief Description of the Invention 

The present invention provides a Hi-Z surface that can be produced by injection molding, which 
permits large areas to be produced rapidly and at a low cost. Additionally, certain embodiments 
5 of the structure are also technically superior in that they can be tuned after manufacturing, to 
adjust for variations in the manufacturing process, thus allowing a single mold to be used for 
structures with slightly different resonance frequencies, and/or allowing different areas of a single 
Hi-Z surface to be tuned to different resonance frequencies. 

1 0 In one aspect the present invention provides a method of making a high impedance surface 

comprising the steps of: molding a structure from a dielectric material to form the structure, the 
structure having a plurality of holes therein and a plurality of ridges on at least one major surface 
of the structure, the ridges having sidewalls; plating the structure, including the interiors of the 
holes therein and the sidewalls, with a layer of metal; removing at least a portion of the layer of 

15 metal which bridges across the ridges to thereby define capacitor plates on the sidewalls. 

In another aspect the present invention provides a method of making a high impedance surface 
comprising the steps of: molding a structure from a dielectric material to form the structure, the 
structure having a plurality of holes therein and a plurality of trenches on at least one major 
20 surface of the structure, the trenches having sidewalls and bottom walls; and plating the structure, 
including the interiors of the holes therein and the sidewalls, but not the bottom walls of the 
trenches, with a layer of metal. 

In still yet another aspect the present invention provides a method of making a high impedance 
25 surface comprising the steps of molding a structure from a dielectric material, the structure having 
a first major surface, a second major surface, a plurality of holes which penetrate both major 
surfaces, and a plurality of sidewall features on the first major surface; and applying at least one 
metal layer to the structure in the interiors of the holes therein, on the sidewall features, and on 
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the second major surface, the at least one metal layers on the sidewall features defining plates of 
capacitors which are connected to neighboring plates of capacitors via the at least one metal plate 
in the holes and on the second major surface. 

5 In still yet another aspect the present invention provides a method of making a high impedance 
surface comprising the steps of molding a structure from sheet metal, the structure having a 
plurality of openings therein with confronting sidewalls on the sides of the openings, the 
structure also having a plurality of protrusions projecting from a major surface thereof; and 
joining the structure to additional sheet metal such that ends of the protrusions remote from the 
10 major surface are coupled to the additional sheet metal. 

In yet another aspect the present invention provides a high impedance surface comprising a 
molded structure having a repeating pattern of holes therein and a repeating pattern of sidewall 
surfaces, the holes penetrating the structure between first and second major surfaces thereof and 
15 the sidewall surfaces joining the first major surface; and a metal layer on the molded structure, the 
metal layer being disposed in or filling the holes, covering at least a portion of the second major 
surface, covering the sidewalls and portions of the first major surface to interconnect the 
sidewalls with other sidewalls via the metal layer on the second major surface and in the holes. 

20 

Brief Description of the Drawings 

Figure 1 depicts a prior art Hi-Z surface; 

25 Figures 2(a) - 2(f) depict the manufacturing steps used in making a prior art Hi-Z surface; 

Figure 3(a) is a side sectional view through a structure which acts as a form for making a Hi-Z 
surface in accordance with the present invention, the section line therefor being shown in Figure 
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3(b); 



Figure 3(b) is a plan view of the structure shown in Figure 3(a); 

5 Figures 4(a) - 4(c) show the structure of Figures 3(a) and 3(b) being covered by a metal and then 
the metal being partially removed to define the capacitor plates; 

Figure 4(d) shows the embodiment of Figure 4(b) with an added planarization layer; 

10 Figure 4(e) depicts an alternative embodiment wherein the opposing capacitor plates formed on 
the side walls are non-parallel; 

Figures 5(a) - 5(f) depict another embodiment of a Hi-Z surface; 
15 Figures 6(a) - 6(e) depict still another embodiment of a Hi-Z surface; and 
Figures 7(a) - 7(d) depict yet another embodiment of a Hi-Z surface. 

20 Detailed Description of a Preferred Embodiment and also of Alternative Embodiments 

A preferred embodiment of the present invention will now be described with reference to Figures 
3(a) and 3(b) and Figures 4(a) - 4(e). Figure 3(a) is a cross section view through structure 1 1 as 
25 marked by section line 3(a) noted on Figure 3(b). Figures 4(a) - 4(e) are also section views taken 
along the same section line done for Figure 3(a) but at later points in the fabrication of the high 
impedance surface of the present invention. 

In this embodiment a form or structure 1 1 is fabricated by molding and the form 1 1 is 
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subsequently plated with metal and the metal is partially removed to define the capacitor 
structures. The form or structure 1 1 is preferably made by injection molding, in which a mold is 
filled with a liquid dielectric material, which then hardens into a solid cast which is removed from 
the mold. This dielectric material is preferably either a thermoplastic, which is melted and then 
5 injected into the mold and allowed to harden, or a thermoset resin, which is mixed in liquid form 
from two reagents, injected into the mold, and then allowed to harden. The procedure for molding 
resins is known to those skilled in the art of injection molding and therefor is not discussed in 
further detail here. Important features of the molded structure 1 1 of this embodiment of the 
invention include pre-formed holes or vias 12, which can all be produced in the single molding 

10 step, and vertical raised projections or ridges 14 that will form a structure for supporting the 
plates of the capacitors. These projections or ridges 14 may be optionally recessed into the 
structure 1 1 by using a trench 16 as shown in Figure 3(a). The sidewalls 15 of the ridges 14 may 
be parallel to each other in this embodiment so the capacitors which will be formed thereon will 
then have parallel plates. As will be seen, the sidewalls 15 can alternatively be trapezoidal in 

1 5 cross section in order to from non-parallel plate capacitors. 

The trenches 16 in this embodiment are optional and are used to make the structure 1 1 as thin as 
reasonably possible. The trenches 16 allow some or all of the capacitors to be recessed somewhat 
into the structure 1 1 . If not for the trenches 16, the entire length of each capacitor would extend 
20 above the top major surface of the depicted structure and the height of the structure 1 1 would be 
taller. As such, the trenches 16 help make the structure 1 1 thinner. 

The resulting structure 1 1 includes a grid of projections or ridges 14, which may be square 
shaped, when viewed in plan view (see Figure 3(b)), or the grid may be hexagonal, triangular, or 
25 have any other desired shape or pattern when viewed in plan view. Moreover, the projections or 
ridges 14 may have parallel sidewalls 15 as depicted in Figures 3(a) and 3(b) or may have 
somewhat non-parallel sidewalls to ease removal of the structure 1 1 from its mold. The ridges 14 
form cells 20 and each cell surrounds a region containing: (i) a hole or via 12 that extends to the 
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back side 22 of the structure 1 1 and (ii), in the depicted embodiment, four adjacent sidewalls 15. 
In Figures 3(a) and 3(b) only nine complete cells 20 are shown, but it is to be understood that a 
complete structure 1 1 would normally comprise hundreds or thousands or even more of such 
cells 20. Each cell 20 will help define one of the plates 18 (see Figure 4(b) of four capacitors (an 
5 electrically equivalent capacitor C is depicted in phantom in Figure 3(b)) associated with each 
vertical connection 13 to be formed in the hole or via 12 of the resulting Hi-Z surface. 

Turning now to Figure 4(a), after the structure 1 1 of Figures 3(a) and 3(b) has been formed, 
preferably by molding, it is plated with thin layer of metal 24, preferably copper. The copper 
10 may be coated with another metal such as nickel, tin, or gold to provide corrosion resistance, if 
desired. 

Preferably, the entire exterior surface of structure 1 1 is plated, including the back side 22, the 
holes 12, and the features 14, 16 on the front side thereof with metal 24. The thickness of metal 

15 24 is not critical and might typically be 50 |im or so. The metal that is plated inside the holes 12 
creates vertical connections 13 between the metal on the back side 22 (which will form a ground 
plane) and the capacitor plates to be defined on the sidewalls 15 of each cell 20 (see Figure 3(b)). 
The vertical connections 13 are used to suppress surface waves is certain embodiments. Those 
skilled in the art will appreciate the fact that the vertical connections 13 can sometimes be 

20 omitted and in such embodiment the holes 12 can be omitted. The metal that is plated on the 

sides 15 of the" vertical ridges 14 forms vertical capacitor plates 18. The dielectric of the ridges 14 
forms the insulator for the capacitors. If the holes 12 have a sufficiently small diameter, the 
vertical connections 13 may completely fill holes 12. 

25 The next fabrication step is to pass the structure through a planing device, which removes or 
planes off the tops of the projections or ridges 14 as can be seen in Figure 4(b). This action 
removes the metal connections or bridges 26 (see Figure 4(a)) at the tops of the ridges 14 and 
between adjacent cells 20, so that the plates 18 of the individual cells 20 are now electrically 
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coupled by the metal plating 13 in holes 12 only to the lower metal surface 28. This step is 
important for the creation of the capacitors and it also provides tunability to the structure, since 
the capacitors can be planed to a desired depth, which determines the resonance frequency of the 
resulting structure. Also, assuming that the structure is not planed to too great a depth initially, 
the technique of removing the tops of the ridges 14 allows for fine-tuning the capacitance of the 
resulting structure after other fabrication steps have been performed to correct for variations in 
manufacturing tolerances. Furthermore, different areas of the surface can be optionally planed to 
different depths, to create a surface with areas having different resonance frequencies. This allows 
a single surface to be used for multiple bands of operation. As an alternative, the structure can 
also be planed or originally molded with a built-in taper 32, as is shown in Figure 4(c), so that the 
resonance frequency varies smoothly across the surface where such a taper is provided. In this 
embodiment each capacitor ridge 14 has a slightly different average height compared to its 
neighbors.This makes the resonant ground plane surface useful for broadband operation by 
feeding various areas of the surface with different antennas according to the desired frequency of 
interest. The ability to tune the surface as a function of position may also have applications in 
producing low-angle radiation from a low-profile antenna, as energy can be coupled into surface 
waves, which are then allowed to radiate off the surface after a pre-determined distance. With any 
of these surfaces, the final structure may be coated with a dielectric layer 36 for purposes of 
planarization, so that the possibly delicate fins 34 that form the capacitors are not damaged in 
use. See Figure 4(d) which shows the embodiment of Figure 4(b) with the added dielectric layer 
36. The fins 34 may be delicate since their sizes are dictated by the frequency at which the 
resonant surface is to be resonant and when the resonant frequency gets into the gigahertz range 
the feature sizes of the capacitors is rather small (easily viewable by the human eye, but 
sufficiently small that the fins 36 may be delicate and therefore it may be desirable to protect 
them from physical damage. 

The embodiments depicted by Figures 4(b) and 4(c) both have parallel plate 18 capacitors. As 
can be seen from Figure 4(e), if the ridges 14 are trapezoidal in cross section when formed, then 



tlie capacitor plates 18 will be non-parallel. The trenches 16 may also be formed with non- 
parallel walls.This embodiment has the advantage that the structure 1 1 more easily releases from 
its mold (not shown) when molded. As such, non-parallel plate capacitors are preferred for ease 
of manufacturing. The amount by which the plates are non-parallel may be rather slight and 
5 preferably would only be by an amount needed for ease of manufacturing since non-parallel plate 
capacitors tend to make determining the shape of the taper 32 more complicated (if a taper 32 is 
utilized). The use of a taper tends to reduce the capacitance towards the wide end of the taper 
thereby requiring taller capacitors in compensation therefor. 

10 Another technique for producing a Hi-Z structure will now be described wjth reference to Figures 
5(a) - 5(f). This embodiment involves building vertical capacitors into the structure in connection 
with downward-pointing trenches 16. The trenches 16 have sidewalls 15 where the plates 18 of 
the capacitors will be formed and also have trench bottoms 23 which will be free of metal when 
the Hi-Z surface of this embodiment is completely built. In this embodiment, a structure 1 1 is 

15 molded which bears some resemblance to the structure 1 1 of Figures 3(a) and 3(b). Figure 5(a) is 
a cross section view taken through structure 1 1 along section line 5(a) in the plan view depicted 
by Figure 5(f). In this embodiment there is no need for ridges 14 - rather a grid of trenches 16 is 
formed when molding the structure 1 1 . 

20 Turning to Figure 5(b), a wire grid 1 7 is laid into the trenches 16 to prevent the capacitors from 
being shorted out when the structure 1 1 is coated with a layer 24 of metal . Layer 24 is 
preferably formed by first evaporating a thin metal layer 24-1 onto structure 1 1, covering every 
part of the surface except that which is covered by the wire grid 17 as shown by Figure 5(c). For 
this initial metal layer evaporation, it is preferable to evaporate a metal that has low thermal 

25 conductivity and that can provide a base for electroplating more metal. Nickel is a common choice 
for an evaporated metal. After the evaporation step, the wire grid 17 is removed. The 
aforementioned metal evaporation step preferably lays down a very thin layer of metal 24-1 
which will not form a connection across junctions where there is no line-of-sight from the 
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evaporation source. Hence, the wire grid 17 will not become attached to metal 18-1 on the 
sidewalls 15 of the trenches 16 as long as the diameter of the wires of grid 17 is somewhat smaller 
than the width of the trenches 16. 

5 After evaporation and wire grid removal, other metals are preferably electroplated onto the 

exposed metal as shown by Figure 5(d) forming a thicker metal layer 24 (and thicker metal 18 on 
the sidewalls of the trenches 16). The first metal which is preferably electroplated to the exposed 
nickel (for example) layer 24-1 is a metal layer having a high electrical conductivity (such as 
copper). The exposed high conductivity metal layer (preferably copper) is then preferably 
10 covered with another layer that will provide corrosion resistance. Nickel, tin, or gold are common 
choices for metals for the corrosion resistant layer. The initial layer 24-1 and the added layers of 
a low thermal conductivity metal (preferably nickel), a high electrical conductivity metal 
(preferably copper) and a corrosion resistance layer (preferably nickel, tin or gold) are 
collectively identified as layer 24 in Figures 5(d) and 5(e). 

15 

The resulting structure of Figure 5(d) contains the capacitor plates 1 8 formed from the metal 
coated on the sidewalls of the trenches 16 as well as the vertical connections 13 formed in the 
vias 12. Turning now to figure 5(e), trenches 19 may also built into the bottom of structure 1 1, 
forming an "inverse waffle" structure, which would have improved mechanical flexibility. In this 
20 case, the capacitors should be filled with a dielectric 21 so that their capacitance will not change 
when the Hi-Z surface is bent or flexed. This embodiment has several drawbacks compared to the 
preferred embodiments of Figures 3(a), 3(b) and 4(a) - 4(e), including lack of tunability, and 
sensitivity to flexing unless the air capacitors are filled with dielectric 21 . 

25 In Figures 5(f) only nine complete cells 20 are shown, but it is to be understood that the structure 
1 1 would normally comprise hundreds or thousands or more of such cells 20. Each cell 20 will 
help define one of the plates 18 of four capacitors (an electrically equivalent capacitor C is 
depicted in phantom in four places in Figure 5(f)) associated with each vertical connection 13 of 
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the resulting Hi-Z surface. 

For the preferred embodiments of Figures 3(a), 3(b) and 4(a) - 4(e), the capacitors are filled with 
a dielectric. If the dielectric is relatively inelastic, then if the surface is bent or flexed, it is the 
width of the trenches that will change, and not the width of the capacitors. In the case of the wire 
grid constructed embodiment of Figures 5(a) - 5(d), the capacitors may be only filled with air, 
while the rest of the structure is filled with dielectric. If this structure is bent or flexed, then the 
regions filled with the most compressible material (air) will be the regions that are deformed. This 
would result in a large change in capacitance in response to bending the surface. For most 
applications, such a change in capacitance is undesirable and, for this reason, it is usually 
important to fill the capacitors with another material 21 that is preferably less elastic than the 
plastic which provides the rest of the structure if (1) the structure is subject to bending or flexing 
and (2) having the structure change capacitance in response thereto would be undesirable. 

Yet another embodiment of a Hi-Z structure is now described with reference to Figures 6(a) - 
6(e). This embodiment takes advantage of the fact that the capacitive metal plates of the Hi-Z 
surface are easy to fabricate using photolithography and standard printed circuit board 
techniques, while the vias are easy to produce en masse using injection molding techniques. This 
Hi-Z structure is made by a hybrid of two technologies: injection molding and printed circuit 
technology. Turning to Figure 6(a), the lower part of the Hi-Z surface is a structure 1 1 with vias 
12 is fabricated using injection molding technology. Alternatively the vias 12 could be stamped 
into a substrate or formed therein using an array of pins or drills. As is shown by Figure 6(b), the 
structure 1 1 is then coated with metal, preferably copper, to make the back side 22 and the vias 
12 conductive, and then patterned to remove metal from the front side except from pads 23 
adjacent vias 12 which pads 23 will be used for solder bonding. Solder is then flowed onto the 
front of the structure to form solder bumps 34 on the tops of the pads 23 adjacent vias 12 (see 
Figure 6(c)). A second layer of dielectric 36, which is preferably provided by a printed circuit 
board 36, is patterned using standard photolithographic processing to pattern the metal disposed 
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thereon as is shown by Figure 6(d) to form an array of plates 10a on an upper surface thereof and 
an array of plates 10b on the lower surface thereof. The structure of Figure 6(c) and the patterned 
printed circuit board 36 are aligned and the two structures 1 1, 36 are heated to bond them 
together as is shown in Figure 6(e). The resulting Hi-Z surface has the advantage that the 
capacitors can be easily defined by photolithographic processing of the metal on printed circuit 
dielectric 36, while the vias 12 can be easily formed when structure 1 1 is formed by injection 
molding. This hybrid structure takes advantage of the strengths of each fabrication method.The 
final structure can later be coated with tin, nickel, or gold for corrosion resistance, if desired. 

Instead of forming structure 1 1 by injection molding, structure 1 1 of any of the previously 
described embodiments can be formed from a pre-fabricated sheet of dielectric which is processed 
with a hot press, in which an array of hot metal pins are forced through the structure to form the 
holes and other surfaces are used to form any trenches or projecting walls needed. Like injection 
molding, this technique has the advantage that many holes can be formed quickly. The hot press 
method has the additional advantage that it uses a pre-formed dielectric sheet, in which the 
thickness can be specified very accurately. 

Still another embodiment of a Hi-Z surface is now described with reference to Figures 7(a) - 7(d). 
In this embodiment metal stamping is used to make a low-cost Hi-Z surface by forming the 
capacitors and vias in a single stamping process of a metal sheet 38. Figure 7(a) depicts a mold 
having reciprocating mold surfaces 40 and 41 for forming the shape of the desired structure, 
which mold surfaces include regions 42 to shear off certain areas of the sheet metal to help define 
the plates 18 of the capacitors. The mold also includes elongated regions 44 that form vertical 
protrusions 45 in the sheet metal. 

The mold is used to stamp the sheet 38 as shown by Figure 7(b). This stamped sheet metal 38 is 
then removed from one section of the mold and applied (see Figures 7(c) and 7(d)) to a second 
flat sheet of metal 39, to which it is then connected by soldering or spot welding at points 46 
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where the two sheets meet. The completed structure can then be filled with a dielectric for 
mechanical support, if desired. One cell 20 is depicted by phantom line 20 and a typical capacitor 
is depicted by reference number 18. In plan view the completed structure would comprise 
hundreds or thousand or more of such cells. The cells 20 in this embodiment would have a square 
shape in plan view, but other shapes could be used just as well as a matter of design choice. 

In all of the embodiments disclosed herein, only a few capacitors are depicted since the figures 
depict the structures considerably enlarged for ease of understanding and illustration. It is to be 
understood that a typical Hi-Z surface will have hundreds, thousands or even more capacitors. 
The terms ridges and projections are used herein synonymously to refer to element 14. 

Common reference numbers are sometimes used herein to refer to objects which have similar 
features and/or functions, but which may not be identical to each other. 

Having described the invention in connection with certain preferred embodiments thereof, 
modification will now certainly suggest itself to those skilled in the art. The invention is not to be 
limited to the disclosed embodiments, except as is specifically required by the appended claims 
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